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Abstract
We have searched for evidence of T production in 3.5 million hadronic Z decays collected by the L3 detector at LEP in 
1991-1995. No signals are observed for the decay chain Z -» TX; ( / =  e,/x), therefore upper limits at the 95%
confidence level ¿úre set on the following Z branching fractions: Br(Z -» T (1S)X ) <5.5 X 10“ 5; Br(Z -> T (2S )X ) <13.9 
X  10“ 5; Br(Z -» T(3S)X) < 9.4 X  10“ 5. Published by Elsevier Science B.V.
1. Introduction
Recent theoretical predictions for T 1 production 
in hadronic Z decays [1] suggest that each LEP 
experiment should be able to observe a few T events 
using the decay modes A , where de­
notes either e+e" or ¡l~. Such an observation 
would support the novel colour-octet models which
have been invoked to explain the anomalously high 
T production rates observed by the CDF Collabora­
tion [2].
This paper describes the search for T production 
at LEP using the L3 detector, which is described 
elsewhere [3,4]. The analysis uses a sample of ap­
proximately 3.5 million hadronic Z events acquired 
during 1991-1995 at {s «  Mz.
1 Also supported by CONICET and Universidad Nacional de 
La Plata, CC 67, 1900 La Plata, Argentina.
“Also supported by Panjab University, Chandigarh-160014, 
India,
Supported by the German Bundesministerium für Bildung, 
Wissenschaft, Forschung und Technologie.
4 Supported by the National Natural Science Foundation of 
China.
j
Supported by the Hungarian OTKA fund under contract num­
bers T14459 and T2401L
6 Supported also by the Comisión Interministerial de Ciencia y 
Technologia.
7
Throughout this paper, we use T to denote the three states
T(1S), T(2S), and T(3S).
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2. Simulation of T production and backgrounds
We have considered five distinct mechanisms for 
the production of (unpolarised) T ’s in Z decays, as 
shown in Fig. 1. of Ref. [5]. Table 1 shows the 
predicted branching ratios, Br(Z-*TX), for the 
colour-singlet (1-3) and colour-octet (4-5) pro­
cesses.To study the sensitivity of the L3 detector to 
events containing T — decays, we generate 
samples of 5000 e+e“ ->TX events, for each of 
these five production mechanisms using the OPAL 
implementation [5,13] of the differential cross sec­
tions. The JETSET Monte Carlo program [14,15] is 
used to simulate the subsequent parton showering, 
hadronisation, and particle decays. The T ’s are re­
quired to decay via the chain Table 2 
shows the masses and leptonic branching ratios of 
the T(1S), T(2S), and T(3S) which are assumed in 
this analysis [16]. A “ combined model” sample is 
also used, which is the sum of the five distinct
Table 1
T production mechanisms in Z decays and their predicted branch­
ing ratios
T production mechanism Br(Z TX)X 103
1. Z -> T bb (b-quark fragmentation) 1.6 [6,7]
2. Z Tqqgg (gluon fragmentation) 0.07 [8,9]
3. Z -* Tgg (gluon radiation) 0.05 [10-12]
4. Z -> Tqq (gluon fragmentation) 4.1 [1]
5. Z -* Tg (gluon radiation) 0.1 [1]
Combined model 5.9
samples weighted according to the production rates 
predicted by the theory.
For the background studies a sample of approxi­
mately seven million hadronic events is generated 
using JETSET, not including the production of T ’s. 
In addition, samples of 1000 four-fermion events are 
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Fig. 1. Predictions for the dilepton invariant mass distributions for a) T —*e + e , and b) T —» ß+ decays. Invariant mass spectra 
obtained from the data (solid line) for c) e+e-, and d) /x+/x ; the dashed lines show the background predicted by the Monte Carlo. The 
number of selected dilepton candidates in a given bin is denoted by n ^  ( /=  e,/i) while denotes the total number in the sample.
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Table 2
Properties of the T(IS), T(2S), and T(3S) assumed in this 
analysis
Mass Br(T -* e + e ) Br(T —s* ¡x )
[GeV] [%] [%]
T( IS) 9.460 2.52 ±0.17 2.48 + 0.07
T(2S) 10.023 = Br(7(2S) -* ß V ” ) 1.31 ±0.21
T(3S) 10.355 = B K T G S ) /itV“ ) 1.81 ±0.17
program, for each of the processes e + e_ - H > /* qq, 
where / — e, f i  and q =  u, d, s, c, b.
All the simulated events produced are passed 
through the GEANT-based L3 detector simulation 
program [18] and reconstructed using the same algo­
rithms as for the data.
3. Event selection
Hadronic events are selected by making use of 
their characteristic energy distributions and high
multiplicity [19]. A total of Nhlid = 3 453780 events
pass the selection with an efficiency, determined
from Monte Carlo, of ehad 0.99 + 0.01.
Candidate electrons with energies of more than 
4 GeV are selected within |cos 6 \ < 0,97, where $ is 
the polar angle. An electron is characterised by an 
isolated energy cluster in the BGO electromagetic 
calorimeter with a shower shape consistent with that 
of electromagnetic particles. To reject photons, the 
cluster is required to match with a charged track to 
within 5 mrad in the plane transverse to the beam 
direction. The transverse momentum of the track 
must be compatible with the cluster energy. Muon 
candidate tracks in the muon spectrometer, with 
momenta of more than 3 GeV, are required to be 
within |cos 01 < 0.8. The tracks must have hits in at 
least two of the three ref) layers and at least one of 
the two 2 layers. Backgrounds from punchthrough 
hadrons, decays in flight, and cosmic rays are sup­
pressed by requiring the muon chamber track to 
point towards the primary vertex. To reject residual 
background from hadronic events, each candidate 
electron (muon) must be isolated by at least 10° (15°) 
from the closest jet, which may in some cases in­
clude another electron (muon) candidate. The event 
is required to contain either two electrons or two 
muons which satisfy these selection criteria. The
lepton pairs are required to have opposite charges 
and to have an opening angle of less than 90°.
Fig. 1 shows the expected dilepton invariant mass 
distributions for the ‘'combined model” Monte Carlo 
sample after application of the selection procedure 
described above for a) T-»e+e_, and b) T —»
+
¡X fX The shapes of the distributions for each 
individual T sample are similar. The average dilep­
ton invariant mass resolutions are 100 MeV for elec-
decays and 235 MeV for 
decays. Table 3 shows the
trons from T-> e + e~
¡1 f imuons from T 
efficiencies for each T production mechanism and 
decay mode, as determined from the T Monte Carlo 
samples.The efficiencies for the three T states differ, 
for a given model, by typically 0.5% for the e + e- 
channel and 0,2% for the ¡jl+¡jl~ channel. This 
variation is accounted for in the analysis. The sys­
tematic eiTors on the efficiencies are estimated by 
comparing the data and Monte Carlo distributions of 
the selection variables with various less stringent 
values for the cuts applied. Since no significant 
discrepancies are observed, the systematic errors are 
assigned according to the statistical accuracies of the 
comparisons. Uncertainties in the theoretical mod­
elling which affect the efficiencies are treated explic­
itly, as described below.
Fig. 1 shows the dilepton invariant mass spectra 
obtained from the data (solid line) for c) e+e_, and 
d) fji+ fji~. No evidence is seen for T production in 
either of the decay modes considered. The dashed 
line represents the background contribution which is 
estimated from the Monte Carlo sample of hadronic 
Z and four-fermion events. For the e + e” channel the 
background is dominated by hadronic events in which 
a fake electron is paired with a genuine electron
Table 3
Efficiencies for the process Z —>TX;T —» The first error




e+e“ channel ¡jlv¡jl channel
l.Z-»Tbb 37.4+ 0.6 ±5.0 21.2 + 0.5 ± 2.6
2. Z -> Tqqgg 25.5±0.6±3.4 14.3 ±0.5 ± 1.7
3. Z -»Tgg 32.1 +0.6±4.3 I9.6±0.5±2.4
4. Z Tqq 33.2±0.6±4.4 21.2±0.5±2.6
5. Z -> Tg 41.5 ± 0.6 ±5.5 33.3 ±0.6 ±4.1
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from a heavy-quark decay. For the ¡x+ channel 
the background events are predominantly genuine 
muon pairs from the four-fermion process. The aver­
age number of background events expected in the 
mass window of 7-12GeV is 10.3 ± 2.0 ± 1.1 for 
the e+e" sample and 1.5 ± 0.1 ±0.1 events for the 
¡ i * sample, where the first error is due to the 
Monte Carlo statistics and the second is systematic. 
The number of events observed in the data are five 
and three for the e + e~ and fju+\xT samples respec­
tively, which is consistent with the background.
4. Determination of upper limits on Br(Z -> TX)
Given the absence of a signal, upper limits on the 
branching fractions Br(Z -» TX) are obtained from 
binned maximum-likelihood fits to the / V ” invari­
ant mass distributions. The likelihood function is 
given by
^ (B r (Z ^ T X ) )
Ni
= p j  exP[~ (^bÌg + ^)](M{/ke + / ^ )  ^ xj
/ =  I j  — I j  ‘
where /=  1,2 denotes the two T decay channels,
T*-»e + e” and T -> ¡jl~\ Ni} is the number of
*  .  i
observed data events in mass bin j; and ¡jJ/ and 
• ►
jjL^k denote the expected numbers of events for 
signal and background, respectively. The expectation 
for the total number of Z T X ; T - > / ^ / T  events 





Br(Z -» TX) Br(T-»/*/^)
X<?(Z -> T X ;T -»/*/7 )> (2)
where Rhafi = 0.6990 ±0.0015 [16] is the Z branch­
ing fraction to hadrons.
Separate limits are derived for each of the five 
production mechanisms considered and for each T 
state, assuming conservatively in each case that there 
is zero contribution from the other mechanisms and 
T states. Limits are also determined using the 
“combined model” sample. To facilitate comparison 
with other experiments, which do not resolve the
T(IS), T(2S), and T(3S) states, we also derive 
limits for the production of an “ average T ” which 
is an admixture of T (1S), T(2S), and T(3S). The 
range of relative fractions considered is discussed 
below. In deriving combined limits for different T 
states and theoretical models, the separate likeli­
hoods are combined. The systematic errors, which 
are propagated numerically allowing for correlations, 
include contributions from the following sources:
T reconstruction efficiencies The efficiencies are 
varied within the errors shown in Table 3. The 
statistical errors are uncorrelated for each model of 
a given sample. The systematic errors for a given 
decay mode are completely correlated for all five 
models. The efficiency errors do not include uncer­
tainties in the modelling which are treated explic­
itly, as described below.
T branching ratios. The uncertainties on the T 
leptonic branching ratios are shown in Table 2. The 
branching ratios Br( T (2S) -> e + e ' ) and 
Br( T(2S) -» ) are completely correlated, as 
are Br(T(3S) -» e+e_ ) and Br(T(3S) -»
Background. The uncertainties on the background 
for a given final state include statistical and system­
atic uncertainties for both the hadronic and the 
four-fermion components, as discussed above. The 
systematic uncertainties for the hadronic compo­
nents are estimated by relaxing the selection cuts 
and comparing the data and Monte Carlo distribu­
tions of the selection variables. A common system­
atic error of 5% is assumed for the theoretical 
uncertainty on the four-fenxüonjsrûss.^ ections [47]. 
Number of Z events. The Z hadronic branching 
fraction, Æhad = 0,6990 ± 0.0015, and the hadronic 
event selection efficiency, £had = 0.99 ± 0.01, are 
varied within their errors.
Invariant mass scale, resolution, fit range, and
binning. The J peaks in the e e“ and fi ¡±~ mass 
spectra are used to verify the di-lepton invariant 
mass scales and resolutions. The fitted J masses are 
3083 ±9MeV and 3106 ± 13MeV, for the e + e~ 
and fJL+i¿~ final states, respectively, which are 
consistent with the current world average of ms = 
3097 MeV [16]. The e+e~ and ¡i+ fi~ invariant 
mass resolutions for data are 72 ±10 MeV and 
118 ±13 MeV, respectively, which are in agree­
ment with the Monte Carlo expectations of 66 ±
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7 MeV and 107 ±11 MeV. The T results are insen­
sitive to changes of the mass scale or resolution, 
compatible with these measurements, and to the 
range and binning of the invariant mass distribu­
tions.
T polarisation. Since the T polarisation is un­
known, we account for the changes in the efficien­
cies when going from the nominal flat distribution 
in cos#* to a 1 +cos20* distribution, where 0* 
is the lepton angle in the rest frame of the T. For 
the 1 + cos20 * distribution the efficiencies are rela­
tively lower with respect to the nominal values 
shown in Table 3 by between 6% and 13%, depend­
ing on the T production mechanism and decay 
mode.
Feed-down from higher-mass T and %b states. 
Feed-down decays from higher-mass T and Xb 
states, with typical ß-values of less than 1 GeV, 
tend to soften the T momentum spectra. To esti­
mate the impact on the reconstruction efficiency, 
we consider a scenario in which all T ’s originate 
from higher states which decay with an average 
Q-value of 0.5 GeV. The resulting efficiencies are 
relatively lower by up to 4% with respect to the 
nominal values shown in Table 3,
Relative fractions of T(1S), T(2S), and T(3S) 
states. The relative fractions of T(1S), T(2S), and 
T(3S) which are assumed for the definition of the 
“ average T ” depend on the amount of feed-down 
from the T(2S), T(3S), and states. The effect
Table 4
Upper limits on the branching ratios for the process Z -> TX, at 
the 95% confidence level. The “Average T "  is an admixture of 
T(1S), T(2S), and T(3S), as described in the text. The “com­
bined model” corresponds to the sum of the five T production 




Upper limit on Br(Z -» TX)X i05
at the 95% C.L.
T(1S) T(2S) T(3S) Average T
1. Z->Tbb 5.4 13.5 9.0 1A
2. Z Tqqgg 7.8 16.3 13.0 10.5
3. Z -> Tgg 6.0 14.1 9.9 8.0
4. Z -> Tqq 5.5 14.0 9.5 7.6
5- Z Tg 3.9 10.3 6.9 5.4
Combined model 5.5 13.9 9.4 7.6
of feed-down is to enhance the contribution of the 
lower-mass T ’s compared to the higher-mass T ’s. 
For example, for a j:}:} initial admixture of T(1S), 
T(2S), and T(3S), the relative proportions after 
allowing only for measured T decays [16] are 
approximately 0.46:0.27:0.27. Since the decay 
modes and relative production rates of the various 
T and states are poorly known, we consider the 
range of relative weights from j.'y.’j  to 1:0:0.
Table 4 summarises the upper limits obtained at 
the 95% confidence level (C.L.). The upper limit of 
Br(Z -> TX) < 7.6 X IO " 5 is consistent with the 
theoretical prediction of Br(Z -> TX) = 5.9 X IO-5, 
shown in Table 1, and previous less stringent upper 
limits from LEP [20,21]. Consistency with the OPAL 
measurement of Br(Z TX) = (10 ± 4 ± 1) X 
10“5 [5] is marginal.
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